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Abstract Modulated resonant photoacoustics is a sensitive
technique widely used for trace gas sensing. Generally, a
continuous-wave laser is modulated at a frequency corre-
sponding to an acoustic resonance of a photoacoustic cell.
Another mode of operation—which we propose to call the
pulsed resonant mode—consists in matching the frequency
repetition rate of a pulsed laser to an acoustic resonance
of the cell. We present a theoretical model to compare the
performance of these two configurations. For a given aver-
age power of the incoming light inside the cell, the pulsed
resonant mode of operation (nanosecond pulses or shorter)
produces π/2 times higher photoacoustic signals than the
modulated resonant scheme (the latter is optimized for a
50% duty cycle). This result agrees with experiments dur-
ing which both cases were investigated at 532 nm using the
same photoacoustic cell containing trace concentrations of
NO2.
PACS 82.80.Kq · 43.35.Ud · 07.07.Df
1 Introduction
Photoacoustic (PA) spectroscopy is a well-established tech-
nique that is often applied to detect trace concentrations of
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gases [1–3]. A PA cell can either be operated in a modu-
lated resonant mode or in a single-pulse mode,1 whereby the
light excitation is a modulated continuous beam of light or
a single short pulse, respectively. Both modes of operation
have been extensively studied in literature [4–6]. Whereas
in the modulated resonant case the modulation frequency is
matched to an acoustic resonance of the PA cell, a broad-
band short pulse excites all acoustic modes at once. Another
mode of operation—which we propose to call the pulsed res-
onant mode—consists in matching the pulse repetition rate
of a pulsed source to an acoustic resonance of the PA cell.
To the best of our knowledge, this third case has not been
treated theoretically yet. On a few occasions, it has been ap-
plied as an alternative to continuous-wave (cw) lasers [7–9].
In this work, we compare the modulated resonant mode to
the pulsed resonant mode under similar experimental condi-
tions such as the wavelength, the average power or the diam-
eter of the laser beam. Furthermore, we develop a theoreti-
cal comparison of both cases and conduct experiments us-
ing the same PA cell and absorbing species. For comparison
purposes, we chose NO2, for it strongly absorbs at 532 nm
where both cw and pulsed laser sources are available. Fur-
thermore, NO2 is a pollutant of current interest that plays an
important role in atmospheric chemistry [8, 10, 11].
2 Theory
2.1 Fourier series expansion of the PA signal
We derive a theoretical expression of the PA signal and com-
pare the modulated resonant case with the pulsed resonant
1In the literature—unlike in this work—single-pulse photoacoustics is
sometimes referred to as pulsed resonant photoacoustics.
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case. Let us assume that a beam of light is propagating par-
allel to the axis of a lossless cylindrical resonator. The de-
pendence of the sound pressure p on position x and time t
is given by the wave equation
∂2p(x, t)
∂t2
− c2∇2p(x, t) = (γ − 1)∂H(x, t)
∂t
, (1)
where c, γ , and H are the sound velocity, the adiabatic co-
efficient of the gas, and the heat density deposited in the gas
by light absorption, respectively. The sound pressure can be
expanded into orthogonal resonator modes pn(x) as follows
[1, 4]:
p(x, t) = C0(t) +
∞∑
n=1
Cn(t)pn(x)
=
∞∑
m=−∞
A0,me
imω0t +
∑
n,m
An,me
imω0tpn(x), (2)
whereby the eigenmode amplitudes C0(t) and Cn(t) were
further expanded into their Fourier series. The resonator
eigenmodes pn(x, t) are solutions of the homogeneous wave
equation,
∂2pn(x, t)
∂t2
− c2∇2pn(x, t) = 0. (3)
The solutions of (3) can be written as
pn(x, t) = pn(x)eiωnt , (4)
where ωn is the n-th eigenfrequency of the resonator. The
heat source may also be expanded into a Fourier series as
follows:
H(x, t) = H(x)H(t) = H(x)
∞∑
m=−∞
AHme
imω0t . (5)
Insertion of (4) into (3) leads to the following expression:
c2∇2pn(x) = e−iωntpn(x)∂
2eiωnt
∂t2
= −pn(x)ω2n. (6)
We assume that the modulation frequency is tuned to the
fundamental frequency of the resonator, i.e. ω0 = ω1, and
that the PA signal is detected at this frequency. Therefore,
only the cases where |m| = 1 are considered. The following
expression can be derived by inserting (2), (5), and (6) into
the wave equation (1), and equating coefficients of eimω0t
and e−imω0t :
−ω20A0,±1 +
∞∑
n=1
(
ω2n − ω20
)
An,±1 pn(x)
= ±iω0(γ − 1)H(x)AH±1. (7)
The Fourier coefficients An,±1 can be determined by multi-
plying (7) by pn(x) and integrating over the volume of the
resonator V . Taking into account the fact that the value of
the volume integral of all pn eigenmodes is zero [4], An,±1
can be expressed as
An,±1 =
±iω0(γ − 1)AH±1fn
ω2n − ω20
, (8)
where the overlap integral fn is given by
fn =
∫
V
H(x)pn(x) dV∫
V
p2n(x) dV
. (9)
2.2 Heat source model
An expression of the Fourier coefficients AH±1 is derived for
the modulated resonant and the pulsed resonant cases. The
light source may either be a pulsed laser or a modulated cw
laser (square pulse). Both light sources have an emission fre-
quency ν and a pulse repetition rate f given by f = 1/T ,
where T is the pulse period (T = 2π/ω0). The pulse energy
and the pulse duration are E and τp , respectively. The beam
diameter change is negligible over the resonator length. The
normalized beam profile g(r) only depends on the radial po-
sition r as it is assumed to be symmetrical around the axis
of the beam:
∫
2π r g(r) dr = 1. (10)
If h is the Planck constant, the photon flux Φ(r, t) is given
by
Φ(r, t) = E
hν
g(r)Φ(t), (11)
where the integration of Φ(t) over the duration of one pulse
is written as
∫
pulse
Φ(t) dt = 1. (12)
We assume that we have a two level system where the
absorption cross section is σ and the population densities
of the lower and upper states are N0 and N1, respectively.
Around atmospheric pressure, excited states decay with a
characteristic time constant τV−T by means of collisional
deactivation. If the light absorption is small (N0  N1) as
found in trace gas analyses, we can write [1]
H(r, t) = hνN1(r, t)
τV −T
, (13)
dN1(r, t)
dt
= N0σ Φ(r, t) − N1(r, t)
τV −T
. (14)
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2.2.1 Modulated resonant case
In the modulated resonant case τp  τV−T [1]. Shortly af-
ter the start of the square pulse, the steady state dN1/dt = 0
is reached. After the end of the pulse, N1(t) rapidly de-
cays to zero. Thus N1(r, t) can be approximated by a square
function, the amplitude of which is according to (11), (12),
and (14)
N1(r) = N0σ E
hν
g(r)
τV −T
τp
. (15)
With (5), (13), and (15) the heat source H(r, t) becomes
H(r, t) = Hmod(r)Hmod(t)
= Hmod(r)(AH,mod0 + AH,mod−1 e−iω0t
+ AH,mod+1 eiω0t
)
, (16)
where
Hmod(r) = N0σ E
τp
g(r), (17)
and where the zero-th and first order Fourier coefficients of
Hmod(t) are given by
A
H,mod
0 =
1
T
∫ τp
0
dt = τp
T
, (18)
A
H,mod
±1 =
1
T
∫ τp
0
e∓iω0t dt = ±i
2π
[
e∓2πi τp/T − 1]. (19)
For a duty cycle d of 50% (τp = d · T ) the heat source is
given by H(r, t) = Hmod(r)( 12 + 2π sin(ωot)).
We denote by Smodn the magnitude of the PA signal in
the modulated resonant case, which is given by Smodn =
|An,+1| = |An,−1|. From (8), (9), and (17) we can conclude
that Smodn is proportional to the number density of absorb-
ing species and the laser power. For a given output power P
of the laser (E = d · P · T ), we can also show—using (8),
(9), (17), and (19)—that the duty cycle for which Smodn is
maximized is 50%.
2.2.2 Pulsed resonant case
In the pulsed resonant case, the heat pulse generates an
acoustic pulse that excites the eigenmodes of the resonator.
The presented theory assumes that the acoustic pulse and the
heat pulse have the same time profile. This condition may
not be fulfilled in an actual experiment. A general theoreti-
cal treatment would go beyond the scope of this paper.
In the pulsed resonant case τp  τV−T . There is no sig-
nificant vibrational–translational energy transfer during the
pulse. Therefore, the term that accounts for collisional deac-
tivation in (14) can be ignored during the pulse:
dN1(r, t ≤ τp)
dt
= N0σ Φ(r, t). (20)
With the help of (11) and (12) the above expression can be
integrated over the duration of one pulse, which yields (as-
suming N1(r,0) = 0)
N1(r, t = τp) = N0σ E
hν
g(r). (21)
After the pulse, (14) can be written as
dN1(r, t  τp)
dt
= −N1(r, t)
τV−T
. (22)
Taking the initial condition (21) into account, the solution of
the above equation is
N1(r, t  τp) = N0σ E
hν
g(r) e
−t
τV −T . (23)
With (5), (13), and (23) the heat source H(r, t) becomes
H(r, t) = H pul(r)H pul(t)
= H pul(r)(AH,pul0 + AH,pul−1 e−iω0t + AH,pul+1 eiω0t
)
,
(24)
where
H pul(r) = N0σ E
τV −T
g(r), (25)
and where the zero-th and first order Fourier coefficients of
H pul(t) are given by
A
H,pul
0 =
1
T
∫ T
0
e
−t
τV −T dt = 1 − e
−T
τV−T
T
τV −T
, (26)
A
H,pul
±1 =
1
T
∫ T
0
e
−t
τV −T e∓iω0t dt = 1 − e
−T
τV −T
±2πi + T
τV −T
. (27)
We denote by Spuln the magnitude of the PA signal in the
pulsed resonant case, which is given by Spuln = |An,+1| =
|An,−1|. From (8), (9), and (25) we can conclude that Spuln
is proportional to the density of absorbing species and the
average laser power.
2.3 Comparison between the modulated resonant and
pulsed resonant cases
We assume that the pulse energy and the beam profile are
the same in the modulated resonant and the pulsed resonant
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cases. Furthermore, we assume a 50% duty cycle in the mod-
ulated resonant case. From (8), (9), (17), (19), (25), and (27)
the PA signal ratio R between both cases can be written as
R = S
pul
n
Smodn
= |A
H,pul
+1
∫
V
H pul(x)pn(x) dV |
|AH,mod+1
∫
V
Hmod(x)pn(x) dV |
= α
2
|AH,pul+1 |
|AH,mod+1 |
= π
2
1 − e−α√
1 + (2π/α)2 , (28)
where α = T
τV −T . Therefore, R = π/2 if T  τV−T as usu-
ally found in trace gas analyses.
3 Experimental setup
In order to compare the two modes of operation, two experi-
mental setups, pictured in Figs. 1 and 2, were built using the
same PA cell. A beam expanding telescope, placed before
the PA cell, adjusted the beam diameter to about 1.3 mm.
The wavelength (532 nm) was also the same in both cases.
The PA cell, described previously [12], was mounted with
four miniature microphones (Knowles Acoustics EK-3024)
and a newly-designed microphone signal preamplifier. The
cylindrical acoustic resonator of the PA cell was made of
stainless steel. It had a length of 29 mm and a diameter of
6 mm. Nitrogen dioxide was supplied from a calibrated gas
mixture (2000 ppmv NO2 buffered in Ar) and was further
diluted in argon by means of a mass flow controller to ob-
tain the desired concentrations. A constant flow through the
PA cell (typically 50 mL/min) was maintained during mea-
surements to avoid adsorption effects [8]. The total pressure
inside the PA cell was also maintained at 980 mbar. A lock-
in amplifier read the pre-amplified microphone signal with
Fig. 1 Experimental setup of the modulated resonant PA scheme
Fig. 2 Experimental setup of the pulsed resonant PA scheme
a time constant of 1 s. A wedged window was placed af-
ter the PA cell. One of the beam reflections at the window
interface was directed to a photodiode. The photodiode pro-
vided a reference signal, which was acquired by an oscil-
loscope. The reference signal was calibrated with a power
meter to produce absolute values. Since the absorption in
the cell was small, it did not influence the reference sig-
nal substantially. The lock-in and the oscilloscope acquisi-
tions were synchronized. A LabVIEW program controlled
the whole setup.
3.1 Modulated resonant case
The optical source, pictured in Fig. 1, consisted in a cw
intracavity-frequency-doubled diode-pumped Nd:YAG laser
(CrystaLaser, Inc.) emitting at 532 nm. The laser source was
modulated by a chopper up to a frequency of 6.4 kHz with
a 50% duty cycle. The chopper controller provided a refer-
ence signal to the lock-in amplifier. The beam power was
adjusted with a polarizing beam splitter (PBS). The PA sig-
nal was normalized with the photodiode signal.
3.2 Pulsed resonant case
The optical source, picture in Fig. 2, consisted in a Q-switch-
ed diode-pumped Nd:YAG laser (Innolight GmbH). The
laser pulses were about 6 ns long. The pulse repetition rate
was tunable between 4 and 7.5 kHz by changing the injec-
tion current of the pump diodes. Frequency-doubling took
place in a type II non-critically phase-matched KTP crystal.
The fundamental beam was filtered out after the KTP crys-
tal. The laser power was adjusted by rotating a half-wave
plate placed before the KTP crystal. The PA signal was nor-
malized with the photodiode signal, which served as well as
a reference to the lock-in amplifier.
4 Results and discussion
The PA resonance was measured using the modulated and
pulsed optical arrangements. As pictured in Fig. 3, the res-
onance curves are in good agreement with each other. They
are dominated by the first longitudinal acoustic mode, which
is centered at 5.4 kHz as expected from theory taking argon
as buffer gas into account [4]. Higher order resonator modes
are expected above 30 kHz only. The Q-factor is 6.3 and
5.95 in the modulated and pulsed optical arrangement, re-
spectively.
In a further series of measurements pictured in Figs. 4
and 5, we investigated the PA signal dependence on the
NO2 concentration and on the average laser power enter-
ing the cell. For each series, the repetition rate of the optical
excitation was adjusted to the first longitudinal resonance
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Fig. 3 Resonance curve of the PA cell in the modulated and pulsed
optical arrangements. Measurements were carried out with 2000 ppmv
NO2 diluted in argon at 980 mbar total pressure
Fig. 4 Dependence of the normalized PA signal on the NO2 concen-
tration in the modulated resonant and pulsed resonant cases. Measure-
ments were carried out at a total pressure of 980 mbar
of the PA cell (5.4 kHz). As expected from Sects. 2.2.1
and 2.2.2, the PA signal increases linearly with respect to
the NO2 concentration and the average laser power. For a
given NO2 concentration inside the cell, the pulsed reso-
nant PA signal is higher than the modulated PA signal by
a factor 1.63 ± 0.02 (Fig. 4), whereas for a given aver-
age power of the laser this ratio is 1.95 ± 0.03 (Fig. 5).
These results are in agreement with the model developed
in Sect. 2, which predicts a factor π/2 = 1.57 (28). In
the pulsed resonant PA scheme, the beam profile of the
second harmonic was very sensitive to optical alignments
and temperature variations of the KTP crystal. This could
account for the small discrepancy between the theoret-
ical PA signal ratio and the experimental ratio derived
from Fig. 5.
Fig. 5 Dependence of the PA signal on the average laser power enter-
ing the PA cell. Measurements were carried out with 2000 ppmv NO2
diluted in argon at 980 mbar total pressure. The modulated resonant
case is compared to the pulsed resonant case
5 Conclusions
With respect to the modulated resonant scheme (optimized
for a 50% duty cycle), pulsed resonant optical excitation
produces π/2 times higher PA signals under similar exper-
imental conditions, i.e. for the same average laser power
and trace gas concentration. In both cases, the PA signal
increases linearly with respect to the density of absorbing
species and the average laser power as expected.
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